Gut bacterial diversity is decreased in a proportion of patients with septic shock. We attempted to validate the hypothesis that low bacterial diversity increases the risk of mortality.
Background
Sepsis is a life-threatening organ dysfunction caused by infection. Sepsis is a serious public health problem with startlingly high morbidity and mortality rates. Septic shock is defined as a type of sepsis with circulatory and cellular metabolic disorders, which is severe enough to increase mortality [1] . Septic shock is common in patients admitted to the intensive care unit (ICU). Development of septic shock has been associated with short-term and long-term morbidity, prolonged hospitalization, and high healthcare costs which can be as high as $4651 per day in an ICU in the United States [2] . Given the clinical consequences of septic shock, identifying the risk factors at its early stage is of great importance and a priority in ICU [2] .
A break in intestinal microbiota balance can induce or aggravate many types of diseases, such as diabetes mellitus, adiposis, and atherosclerosis [3] [4] [5] . In our previous study [6] , compared with healthy volunteers, bacterial diversity was found to be significantly reduced in patients with septic shock. A relatively higher mortality was found in low bacterial diversity patients, but it was not statistically significant. This result might have been due to the limited sample size (only 15 patients). Reduced intestinal diversity can lead to many pathogenic conditions, including Clostridium difficile infection, ulcerative colitis, and adiposis [4] . Taur et al. [7] collected fecal specimens from 80 recipients of allogeneic hematopoietic stem cell transplantation at the time of stem cell engraftment. The 3-year overall survival rates in the low, medium, and high diversity groups were 36%, 60%, and 67%, respectively. Low diversity was found to have statistically significant effect on mortality after multivariate regression analysis. However, only a limited number of clinical studies have investigated the microbiome of ICU patients. Additionally, the available studies did not focus on specific diseases [8, 9] . Therefore, the effect of gut bacterial diversity on septic shock patients remains unknown. Exploring the variation of microbiome possible shows a new perspective for the prevention and treatment of septic shock in the future. Herein, based on previous studies, we hypothesized that septic shock patients have low microbial diversity and a higher mortality rate.
Material and Methods

Patients
Our study was a prospective, cohort study on ICU patients with septic shock. The study was conducted in accordance with the protocol and statistical analysis plan, which were authorized by the ethics committee. According to local law, written informed consent was obtained from the patients or their proxies before study inclusion. This study was registered, and the identification number was 17013870 (chictr.org).
The study was conducted in 2 Chinese teaching hospitals from May 2016 to January 2019. Consecutive adults were enrolled who fulfilled the following conditions: infection or suspected infection patients with sequential organ failure assessment (SOFA) score of 2 points or more, which indicates sepsis [1] . In addition, sepsis patients who showed clinically persistent hypotension, and vasoconstrictors were needed after adequate volume resuscitation to maintain mean arterial pressure ³65 mmHg (1 mmHg=0.133 kPa) and serum lactate concentration >2 mmol/L. The exclusion criteria were: patients <18 years or with a length of stay <2 days, and patients transferred from another acute care facility, whose treatments prior to admission or vital status on discharge could not be ascertained. In addition, if a patient was admitted more than once during the study period, only the first hospitalization details were used.
Study protocol
A trained data extractor checked the ICU patient database to identify patients who have been diagnosed with septic shock within the past 24 hours. Septic shock diagnosis was further verified by a senior physician in our team. Patients that met the inclusion but not the exclusion criteria were enrolled in the study. Baseline data were acquired from patient medical records, including age, gender, admission source, and comorbidities such as diabetes, end-stage renal disease, and disease severity such as SOFA Score, and acute physiology and chronic health evaluation (APACHE) II score. We used SOFA score [10] and Charlson comorbidity index score [11] to assess the disease severity and comorbid conditions, respectively. The study endpoint was 28day mortality. This cutoff value was selected to avoid a significant increase in the likelihood of mortality associated with factors other than septic shock over time [12] . Microbiota diversity was quantified using Shannon index, which is a popular diversity index in the ecological field. It reflects the richness of bacterial community. We referred to our previous study [6] as well as the cutoff values of other studies [7, 8] . The cutoff value for low and normal diversity in this study was set as Shannon in-dex=3.0. The low bacterial diversity group comprised patients with Shannon index <3.0, while normal bacterial diversity group comprised patients with Shannon index ³3.0.
According to one study [8] and our previous study [6] , the ratio of low to normal bacterial diversity in septic patient population was 1: 1. Assuming the 28-day mortality rate of normal bacterial diversity patients was 30% [13] , we needed 122 patients (61 in each group) to obtain 80% power for detecting 25% relative increase in the 28-day mortality rate with 1-side alpha risk of 0.05. Since non-randomized studies overestimate the magnitude of the effect, we included 150 patients.
Intestinal microbiota analysis
Fresh feces specimen collection was conducted at the day before antimicrobial drug use, and transferred to liquid nitrogen container immediately. We used enema operation for patients without spontaneous defecation to collect samples. The 16S rRNA gene sequencing of sample DNA was carried out according to the method of Lankelma et al. [8] . Optimal bacterial DNA isolation method using bead-beating technique [14] . Briefly, tissue samples were incubated in lysis buffer and proteinase K at 56°C, before being placed in the DNA purification machine. The resulting DNA was then used in preparing clone libraries and for performing quantitative polymerase chain reaction (PCR). PCR targeting the 16S rRNA-encoding gene was performed as previously described by Young et al. [15] . Illumina libraries were prepared using amplicons according to the manufacturer's instructions. Primer pair sequences for the V3 and V4 region were used according to the protocol of Illumina Miseq system for 16S metagenomics sequencing library preparation. Gene fragments (V3-V4 region) were sequenced by MiSeq (Illumina, San Diego, CA, USA).
Statistical analysis
Univariate analysis was performed using the Fisher's exact test for dichotomous variables, and the Student's t-test and Wilcoxon rank sum test were used for analyzing normal and non-normal continuous variables, respectively. We conducted several logistic regression analyses to examine the association between microbial diversity and 28-day mortality. The adjusted factors in the first model were sex and age. Age was stratified at 65 years point. Sex, age, and severity of illness (SOFA score) were adjusted in the second model. The comorbid illness (Charlson comorbidity index) was added in the third model. The fourth model adjusted all the aforementioned factors and the usage of probiotics, enteral nutrition, and antimicrobial drugs. In the fourth model, analogous structure was evaluated by using different variables. Accordingly, we used the collinearity diagnostics to check for multicollinearity. Kaplan-Meier curves were used to analyze cumulative survival rates in patients with different levels of microbial diversity. SPSS 22.0 for Windows (SPSS Inc., Chicago, IL. USA) was used for all analyses. A P-value <0.05 was considered significant.
Results
Baseline characteristics
We collected a total of 150 stool samples from septic shock patients (mean age 62 years; 63% males). The overall 28-day hospital mortality rate was 42%. There were 80 patients with low bacterial diversity and 70 patients with normal bacterial diversity. The characteristics of the patients are listed in Table 1 . A significant difference in age at baseline between low and normal microbial diversity groups was observed. Statistically significant differences also existed in chronic obstructive airways disease and Charlson comorbidity index between low and normal microbial diversity groups.
Intestinal microbiota distribution characteristics
The majority bacteria were Bacteroidetes and Firmicutes in intestine under phylum level ( Figure 1 ) in normal bacterial diversity group (relative ratio: 45.83% versus 43.51%). Compared to normal bacterial diversity group, the composition of fecal microbiota in patients with low bacterial diversity indicated a significant change. The ratio of Firmicutes and Bacteroidetes decreased (28.27% versus 39.38%). The ratio of proteobacteria in low bacterial diversity group increased significantly (relative ratio: 21.71% versus 9.53%, P<0.05).
Association between microbial diversity and mortality
Based on univariate analysis, 28-day mortality rate was found to be significantly higher among low diversity group (51%), compared to 32% of high diversity patients (odds ratio (OR) 2.04, 95% confidence interval (CI) 1.35-2.83). The adjusted OR for bacterial diversity and mortality in each model are shown in Figure 2 . The fourth model which was adjusted with age, sex, SOFA score, Charlson comorbidity index, and usage of probiotics, enteral nutrition, and antimicrobial drugs revealed that OR for low diversity and mortality rate was 1.93 (95% CI 0.55-2.69). The C index of the fourth model was 0.73 (95% CI 0.37-0.82). The Hosmer-Lemeshow test index was 9.03 (P=0.81), indicating that the logistic curve fit into the observed data. Moreover, other models showed similar results, and no significant difference in mortality rate was observed between low and normal microbial diversity in septic shock patients ( Figure 2) .
The Kaplan-Meier method was used to study the relationship between microbial diversity and cumulative survival rate. The survival rate in the normal diversity group was higher than that in the low diversity group, and log-rank tests showed significant differences between the 2 groups in terms of cumulative survival rates (hazard ratio 1.88, 95% CI 1.51-3.09, Figure 3 ). Since the sample sizes in this analysis were small and conducting the analysis without changing the alpha level increased the risk of type 1 error, the findings of the current study should be interpreted cautiously.
Discussion
We collected 150 stool samples from patients with septic shock for 16S rDNA gene sequencing analysis for 3 years. In our study, approximately 50% of patients had decreased bacterial diversity, and a rough analysis suggest that low bacterial diversity in the intestinal microbiome increased the risk of unadjusted mortality. However, after adjusting for a number of confounding factors, the results showed no independent association between intestinal bacterial diversity and mortality in patients with septic shock.
The break of intestinal microbiota balance can induce or aggravate many types of diseases, such as diabetes mellitus [5] , cardiovascular diseases [3] , chronic kidney disease [16] , and hypertension [17] . The study on the intestinal microecological characteristics of ICU patients is still in its initial stage. Fasting, analgesics, sedatives, vasoactive drugs, stress ulcer prophylaxis drugs, and particularly high-grade multi-drugs in ICU, have all been shown to affect intestinal microbiome in ICU patients [18] . Yeh et al. [19] enrolled 32 ICU patients with trauma or acute surgery in an observational study. Microbial samples were collected from the gut, the oral cavity, and the skin within 48 hours of admission. When compared with healthy volunteers' microbiome database, the microbiome of ICU patients showed decreased microbial diversity, and reduced symbiotic bacteria. Kelly et al. [20] analyzed 15 patients with ICU respiratory failure. The study showed that, similar to the microbiota in other anatomic sites of the ICU patients, the lower respiratory tract microbiota in patients with tracheal intubation also showed CLINICAL RESEARCH a decrease in alpha diversity, which was further reduced after mechanical ventilation. A study by Dickson et al. [21] illustrated the effects of gut microbiota on the lung microecology.
Their study suggested that gut-lung translocation and disorder of the lung microbiome were respectively correlated with the indices of systemic and alveolar inflammation. Nevertheless, all studies consisted of small sample size and were non-randomized controlled trials.
The design of biomarkers based on intestinal microbiome to predict clinical outcome of critically ill patients is a hot topic.
In our study, microbiota diversity was quantified using Shannon index. This diversity index is a quantitative indicator of the number of different bacteria that are present in a stool sample, taking into account the uniformity in the distribution of these bacteria in these species [22] . Diversity index value increases both when the number of species increases and when evenness increases. The Shannon index is a well-known diversity index used in microecological studies. The higher the Shannon index value, the higher the community diversity [22] . Simpson index is another indicator, which could also be used to estimate microbial diversity. The higher the Simpson index value, the lower the community diversity. In the low-Shannon index group, the classification of fecal microbial communities is relatively simple, and the number of bacterial species is small. Current research has demonstrated that healthy and intact microbiota can enhance resistance to infection [23] . Loss of microbial diversity might lead to increased mortality. Community diversity decreased in half of the septic shock patients in our study. The reason for the decrease was complex, including the disease itself and the therapy measures. The endotoxin secreted by the pathogenic bacteria could destroy the intestinal environment directly, and intestinal microcirculation ischemia due to prolonged hypotension of septic shock could weaken the intestinal mucosa and change the microenvironment [23] . Several treatments were used for septic shock, including parenteral feeding, gastric acid inhibitory drugs, multiple antibiotics, mechanical ventilation, and rapid liquid resuscitation. The effect of these treatments on gut microbiota is still not completely understood, but might be harmful [24] .
The disrupted ecological state of the microbiota subsequently resulted in poor clinical outcome in the later course of of bacterial diversity in septic shock patients. The survival rate curve showed that the cumulative survival rate of patients in normal diversity group was higher than that in low diversity group, and the log-rank test showed a significant difference between the 2 groups. 
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hospitalization during septic shock, such as, antibiotic-associated diarrhea, emerging enterogenous infection, and other outcomes, which is not yet known [25] . Reduced mortality rate is currently the primary therapeutic goal for all critically ill patients, especially septic shock patients, whose mortality could be as high as 70%. Previous studies [6, 8] and our findings have proven the universality of the decrease in the gut microbiota diversity. The effect of disrupted gut microbiota on the mortality rate in critically ill patients has become a new project. In recipients of allogeneic hematopoietic stem cell transplantation, several studies [7, 26] showed that high gut microbiota diversity at the time of stem cell engraftment was associated with high survival rate. In our study, low bacterial diversity was associated with 2 times rude mortality risk in septic shock patients, and the cumulative survival rate of patients in the normal diversity group was higher than that in the low diversity group with Kaplan-Meier method. The mechanism was complex and unclear, and most studies were animal study [27, 28] . Some showed that gut microbiota act as a protective factor in host defense during sepsis. Mice with a depleted gut microbiota following infection with Streptococcus pneumoniae have increased bacterial dissemination, inflammation, organ failure, and an accelerated mortality compared to controls [28] .
In our study, a considerably higher proportion of Proteobacteria was found in sepsis patients compared to healthy subjects. Proteobacteria is the largest group of gut bacteria. Proteobacteria included many well-known species such as Escherichia coli, Salmonella, Vibrio cholerae, and Helicobacter pylori. Proteobacteria are divided into 5 groups by rRNA sequences, including alpha-, beta-, gamma-, delta-, epsilon-proteobacteria.
The well-known hospital-acquired infectious bacteria in the ICU such as Klebsiella belonging to beta-proteobacteria, Escherichia coli, Pseudomonas aeruginosa, and Salmonella to gamma-proteobacteria [29] . The excessive growth of proteobacteria in the gut of septic shock patients in our study might indicate that the rate of enterogenous infection was higher than expected.
The advantage of our study was that the sample size was large. The sample size in most of the previous studies was small, and they were generally concentrated in critically ill patients rather than specific diseases. Additionally, in terms of methodology, this study conducted a systematic multiple regression analysis to determine the relationship between gut microbiota diversity and mortality. This study also had flaws. On one hand, stool sample in each patient was collected only once, thus, the dynamic changes could not be studied. In addition, microbial diversity was estimated only by the Shannon index. Some other indices like Simpson index, and Chao index were not calculated.
Conclusions
This observational study indicated that low bacterial diversity was not associated with worse mortality rate in septic shock patients. More biomarkers of gut microbiota need to be explored.
